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Adaptation to climate change requires a careful evaluation of the infrastructure
performance under extreme events in a changing climate. Earthen levees are critical
infrastructure systems, which play a vital role to the country’s safety, environment, and
economic security. The main objective of this study is to quantitatively assess the integrity of
earthen levees subject to extreme precipitation and flooding under a changing climate. A multidisciplinary modeling framework is developed and applied to two earthen levees, Elkhorn and
Sherman Island levees, in California. Patterns of extreme precipitation and flooding are obtained
for the study areas under current and future climate. A nonstationary framework is employed,
which accounts for climate change-induced changes in statistics of future extreme precipitation.
The precipitation and flooding data are then applied as hydraulic loads in a set of fully coupled
stress-flow finite element simulations to determine the factory of safety (FOS) and probability of
failure (Pf) of the levees for different scenarios. The Pf values are used to develop fragility
curves, which can provide valuable tools for risk assessments. The modeling framework is used
to study three distinct yet interrelated problems. The first problem assesses the performance of
the Elkhorn levee using historical and projected future precipitation patterns. The results show
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that Pf increases 3%-12% under the projected extreme precipitation compared to the baseline
scenario. The second problem involves quantifying the effects of changes in future streamflow
on the fragility behavior of the Elkhorn levee considering multiple modes of failure. For the
cases examined, incorporating future floods leads to up to 23% reduction in FOS and 95%
increase in Pf. The third problem assesses the fragility behavior of the Sherman Island levee
under compound flooding (induced by coastal, fluvial and pluvial processes), an overlooked
aspect in the majority of the existing flood hazard analyses. Results show that considering
compound flooding leads to 22% and 30% reductions in FOS for 2- and 50-year recurrence
intervals, respectively. Using the projected future pluvial flooding increases Pf by 13%. Findings
of this research suggest that risk assessments based on historical records can significantly
underestimate the levee’s Pf in a changing climate.
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CHAPTER I
INTRODUCTION
1.1

Background
Several studies suggest that climate change is leading to serious changes in both

frequency and intensity of extreme events (e.g., USGCRP, 2009; EEA 2012; IPCC 2013;
NOAA, 2013; Ragno et al., 2018). Partly attributed to climate change, there has been
considerable changes, mostly increases, in the patterns of natural hazards and extreme events
such as floods, droughts, rainstorms, causing major socio-economic losses in communities and
infrastructure systems (e.g., NOAA, 2013; Vahedifard et al., 2016; CACC, 2018). In the U.S.,
heavy rainfall events have induced major floods over the past two decades resulting in billions of
dollars in damage (USGCRP, 2009; Robinson et al., 2017; NCEI, 2019). This calls for a critical
need to continuously assess and enhance the integrity and resilience of the nation’s flood
protection systems such as earthen levees systems.
Levees are critical infrastructures which play a vital role in the country’s safety,
environment, and economic security (NRC, 2012; Jasim et al., 2017, NLD, 2019). Over 160,000
kilometers of urban and non-urban levees protect dryland from floods, deliver drinking water,
and protect homes, businesses, and agriculture (NRC, 2012; Sehat et al., 2014; ASCE, 2017;
USACE, 2018). Changes in climate, mainly attributed to anthropogenic activities, have caused
significant variations in precipitation intensity and frequency (e.g., USGCRP, 2009; Ragno et al.,
2018). Steady moderate precipitation does not pose a serious risk in the short term, though long
1

term precipitation certainly has an effect on infrastructure (Fischer and Knutti, 2015). In contrast,
extreme short term precipitation, as well as long term events of moderate and extreme
precipitation, can cause serious problems for geotechnical infrastructure such as levees (e.g.,
Vardon, 2015; Robinson et al., 2017; Jasim et al., 2017; Vahedifard et al., 2017; CACC, 2018).
Further, climate change has caused a considerable fluctuation in the hydrologic cycle and has
provoked an intensification in the frequency and intensity of the hydrologic events such as
extreme precipitation (Zhang et al., 2007; Marvel and Bonfils, 2013; Fischer and Knutti, 2015;
Fischer et al., 2016). Indeed, the warming action has significant effects on climate change, so
that the excessive increases in the temperature directly affects the changing snow cover, which
leads to oscillated streamflow seasonal cycles (Groisman et al., 2012; Groisman et al., 2004).
Groisman et al. (2004) have found that high flows, known as those exceeding the 90th percentile
of daily streamflow data, are most likely to have happened since the 1950s due to changes in the
hydrological cycle.
Adaptation to climate change requires a careful evaluation of infrastructure performance
under extreme events such as flooding from different emission or radiative forcing scenarios
(e.g., CACC, 2018; Vahedifard et al., 2018). Changes in statistics of extreme precipitation and
flooding in a changing climate can have a significant impact on the stability of natural and manmade earthen structures, including levees (e.g., CACC, 2018; Robinson et al., 2017; Jasim et al.,
2017; Vahedifard et al., 2017). The severity of damage to levees depends on the structural
integrity of the levee as well as intensity, duration, and frequency characteristics of extreme
rainfalls and floods. While several large-scale studies have been conducted to evaluate various
aspects and implications of climate change, there is a clear gap in the state of our knowledge in
terms of quantitative and structural-scale assessment of the performance of levees under myriad
2

manifestations of climate change, including new patterns of extreme precipitation and flood
events.
1.2

Objective
The main objective of this study is to quantitatively assess the integrity of earthen levees

subject to extreme precipitation and flooding under a changing climate. Toward this objective, a
multi-disciplinary modeling framework is developed and applied to two earthen levees, Elkhorn
and Sherman Island levees, in California. Patterns of extreme precipitation and flooding are
obtained for the study areas under current and future climate. A nonstationary framework is
employed, which accounts for climate change-induced changes in statistics of future extreme
precipitation. The precipitation and flooding data are then applied as hydraulic loads in a set of
fully coupled stress-flow finite element (FE) simulations to determine the factory of safety (FOS)
and probability of failure (Pf) of the levees for different scenarios. The Pf values are used to
develop fragility curves, which can provide valuable tools for risk assessments. The modeling
framework is used to study three distinct yet interrelated problems. The first problem assesses
the performance of the Elkhorn levee using historical and projected future precipitation patterns.
The second problem involves quantifying the effects of changes in future streamflow on the
fragility behavior of the Elkhorn levee considering multiple modes of failure. The third problem
assesses the fragility behavior of the Sherman Island levee under compound flooding (induced
by coastal, fluvial and pluvial processes), an overlooked aspect in the majority of the existing
flood hazard analyses.

3

1.3

Scope and Organization of Dissertation
This dissertation is organized into five chapters. Chapter 1 provides an overview, main

objective and scope of this study. Chapter 2 investigates the effects of climate change on earthen
levees subjected to extreme precipitations. For this purpose, the performance of the Elkhorn
levee in Sacramento, CA is numerically simulated using baseline (historical) and nonstationary
projected (future) Intensity-Duration-Frequency (IDF) of precipitations for the study area. A
fully coupled 2D stress-variably saturated flow FE model is developed to simulate the levee
behavior under extreme precipitations combined with normal and flood water level conditions.
The response of the levee is assessed under baseline and nonstationary projected scenarios for
rainfall durations of 1 to 7 days for the events with recurrence intervals of 25, 50, and 100-year.
The results are then used to develop baseline and projected fragility curves to assess and
compare the probability of levee’s failure under historical and future climate.
Chapter 3 quantifies the effects of changes in future streamflow on the performance of an
earthen levee in Sacramento, CA, considering multiple modes of failure. Both past (1950-2000)
and projected future (2049-2099) hourly flood level hydrographs with different return periods are
derived from bias-corrected global climate models and routed hydrological simulations. The
flood hydrographs are then applied as forcing loads in a fully coupled elasto-plastic FE model to
determine the seepage and stress fields of the levee subjected to extreme streamflow. The model
is used to evaluate the probability of failure of the levee against individual and combined modes
of failure including slope instability, piping at the toe, internal erosion, and overtopping. Results
are employed to develop a set of fragility curves that can be applied for risk analysis and
planning purposes. Despite inherent uncertainties in future projections and substantial variability
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across different climate models, evaluating our infrastructure against projected extremes offers
valuable insights on their performance under different plausible future scenarios.
Chapter 4 assesses the fragility behavior of the Sherman Island levee under compound
flooding (induced by coastal, fluvial and pluvial processes), an overlooked aspect in the majority
of the existing flood hazard analyses. Estuarine levees can be subject to flooding triggered by
multiple drivers (e.g., coastal water level, river discharge, and extreme rainfall) referred to as
compound flooding. A rigorous flood hazard assessment warrants proper consideration of the
effects of all possible flood drivers, especially given the fact the sea levels and extreme rainfall
are projected to change in a warming climate. The chapter demonstrates how the integrity of
earthen levees subject to compound flooding can be quantitatively assessed under current and
future climate. Focusing on Sherman Island, California, which is subject to compound flooding
induced by coastal (i.e., mean sea level variability and tides), fluvial (i.e., hydrologic runoff from
rainfall) and pluvial (i.e., surface runoff from extreme precipitation) processes, a numerical
modeling framework is proposed for evaluating the levee performance. For coastal and fluvial
flooding, hydrographs for various scenarios are simulated using a bivariate analysis of peak river
discharge and peak coastal water level while accounting for the relationship between the two
drivers. Current and future pluvial flooding patterns are characterized using the baseline
historical and projected future rainfall IDF curves, respectively. The flood drivers accounting for
coastal, fluvial and pluvial processes with different recurrence intervals are then applied as
hydraulic loadings in a three-dimensional FE model, which is built for fully coupled stress-flow
simulations of the levee. For each flood scenario, the FE model is used to obtain the factor of
safety against slope instability and the probability of failure of the levee.

5

Chapter 5 summarizes the main findings, conclusion, and provides some
recommendations for future works in this area.
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CHAPTER II
EFFECTS OF CLIMATE CHANGE ON FRAGILITY CURVES OF EARTHEN LEVEES
SUBJECTED TO EXTREME PRECIPITATIONS
This chapter has been published as a conference article in the proceedings of Geo-Risk
2017: Geotechnical Risk from Theory to Practice, Geotechnical Special Publication No. 285,
June 4-6, 2017, Denver, CO, ASCE, Reston, VA, 498-507, DOI: 10.1061/9780784480724.045.
Furthermore, the paper has been reformatted and replicated herein with minor modifications in
order to fit the purposes of this dissertation.
2.1

Introduction
Over the last few decades, the effect of climate change on extreme events, such as floods,

droughts, rainstorms, and wind gusts, has caused economic losses and fatalities, with severe
consequences on human society and infrastructure (e.g., Vahedifard et al., 2016). In the U.S,
heavy rainfall events have caused major floods over the past two decades resulting in billions of
dollars in damage (Robinson et al., 2017). Infrastructure adaption to climate change requires our
improved understanding about the resilience of infrastructure to projected climatic extremes.
Levees are critical infrastructure that play a vital role to the country’s safety, environment, and
economic security. Over 160,000 kilometers of urban and non-urban levees protect dryland from
floods, deliver drinking water, and protect homes, businesses, and agriculture from flooding in
the US (Sehat et al., 2014). Changes in climate, mainly driven by anthropogenic activities, have
caused significant variation in precipitation intensity and frequency. Steady moderate
7

precipitation does not pose a serious risk in the short term, though long term precipitation
certainly has an effect on infrastructure (Fischer and Knutti, 2015). In contrast, extreme short
term precipitation, as well as long term events of moderate and extreme precipitation, can cause
serious problems for geotechnical infrastructure such as levees (Robinson et al. 2017).
Current infrastructure design and analysis procedures commonly rely on the use of IDF
curves of precipitations. IDF curves provide information on the intensity of a rainfall event given
its average recurrence interval and duration (DePoto and Gindi, 1991). Changes in intensity,
duration and frequency of extreme rainfall events change the fragility state of the geotechnical
structures such as levees. A common nontechnical definition of fragility is the quality of being
easily broken or damaged. The concept of a fragility curve in civil engineering dates at least to
Kennedy et al. (1980), who define a fragility curve as a probabilistic relationship between
frequency of failure of a component and any event that may affect the structure. Fragility curves
define the relationship between the probability of failure Pf and a given extreme physical event,
such as water level, precipitation, etc. (Baker 2015). Fragility curves have also been used in the
assessment of levee systems to characterize the vulnerable points within the system. Kwak et al.
(2014) developed fragility models for levees under seismic loading along the Shinano River
system in Japan. In the study of the Shinano River levees, performance data was collected for the
levee system as it experienced two earthquakes of magnitude 6.6. Usually, the levees’ failure due
to water level rise can be represented by levee fragility curve, which can graphically summarize
the relationship between the probability of a levees’ failure versus water height. This fragility
curve based on water level can be applied to many modes of failure including overtopping and
piping (Vorogushyn et al., 2009).

8

This study investigates the changes in the levee’s probability of failure due to extreme
precipitations with and without considering a changing climate. Annual extreme precipitations
from historical records and future climate of the Sacramento, California (CA) area are employed
to retrieve baseline and nonstationary projected IDF curves, respectively. Both historical
(baseline) and projected (future) IDF curves are integrated into a fully coupled 2D hydromechanical transient variably saturated seepage FE simulation. The behavior of the levee under
both baseline and projected FE models at a 1- and 7-day rainfall events with 25, 50 and 100-year
return periods are evaluated in terms of the strength reduction factor (SRF). Afterwards, the SRF
is used to develop fragility curves for baseline and projected scenarios.
2.2

Fragility Curves
Fragility curves are becoming widely accepted components of risk assessments. They

were initially developed to evaluate seismic risk for buildings (Baker 2015), but recently have
been widely employed for the assessment of other risks/structures (e.g., Vorogushyn et al. 2009).
Generally, a fragility curve is a relationship between the probability of failure (Pf), or some other
limit states of interest, of a structure versus a measure of load intensity. In the current study, we
employ fragility curves to establish a relationship between the levee’s probability of failure
versus rain intensity for different rain durations/return intervals, and water levels behind the
levee.
The most common form of a fragility curve is the lognormal cumulative distribution
function (CDF). It is of the form (Kaynia 2013):
𝐹𝑑 (𝑥) = 𝑃{𝐷 ≥ 𝑑|𝑋 = 𝑥} 𝑑 ∈ {1,2, … … . . 𝑁𝐷 }

(2.1)

ln 𝑥⁄𝜃𝑑
𝐹𝑑 = 𝜑 (
)
𝛽𝑑

(2.2)
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where: P represents the probability of failure; 𝐹𝑑 (𝑥) is the fragility curve for damage
state d evaluated at x.; D is the response threshold or uncertain damage state of a particular
component. D can take on a value in {0,1,... 𝑁𝐷 }, where D = 0 denotes the undamaged state, D
= 1 denotes the 1st damage state, etc.; d is the response of the ith random variable that can be
either a displacement quantity or a factor of safety or any other measure of safety for which
adequate capacity exists.; 𝑁𝐷 is the number of possible damage states, 𝑁𝐷 {1, 2, …}; X is an
intensity measurement of loading conditions, which is precipitation in this study; X is a given
loading intensity value. 𝜑 is the standard normal cumulative distribution function; θd is the
median capacity of the asset to resist damage state d measured in the same units as X; and βd is
the standard deviation of the natural logarithm of the capacity of the asset to resist damage state
d.
2.3

Methodology
This study investigates the fragility of a levee in CA due to extreme precipitations with

and without considering a changing climate. In California, over 21,000 kilometers of urban and
non-urban levees protect dryland from floods, deliver two-thirds of drinking water, and protect
homes, businesses, and agriculture in the Central Valley, Delta, and Northern California from
flooding (e.g., Vahedifard et al. 2016). The resilience of CA’s levees is a primary concern by
considering the fact that a majority of CA’s levee systems are operating under rather poor
conditions (e.g., Vahedifard et al. 2015, Robinson and Vahedifard 2016). Land subsidence,
earthquakes and other climatic conditions such as drought, severe flooding, storm surges, and
extreme rainfall events can further threaten the structural integrity of these aging levees (e.g.,
Vahedifard et al. 2015, Robinson and Vahedifard 2016). Consequently, it is important to
10

quantitatively evaluate the performance of CA’s levees under current and future climatic
extremes.
In the current study, the Elkhorn levee is used for numerical modeling purposes. The levee is
located within Reclamation District No.1000 in Sacramento County, CA. The levee protects the
area from flooding by the Sacramento River. The same levee section was previously used for
numerical modeling purposes by Khalilzad et al. (2014). The study examines the stability of the
levee using the finite-element program, RS2 9.0, to obtain the results from a series of fully
coupled 2D stress-variably saturated flow finite element simulations. Appendix A presents the
governing equations implemented in RS2 for full coupled simulations. The coupled modeling
can estimate the true behavior of a levee by taking into consideration the time-dependent nature
of extreme precipitation events as well as the interaction between solid particles and fluid flow.
The behavior of the Elkhorn levee given different rainfall durations and return periods was
investigated. Using simulation results, fragility curves were developed with and without
considering the effect of climate changes on statistics of extreme precipitations. The fragility
curves show the levee’s probability of failure for various rain intensities, durations, and return
intervals for normal and flood water levels.
IDF curves are used to represent the statistics of extreme precipitations in numerical
simulations. To quantify the effects of climate change on the levee’s performance, two sets of
numerical simulations are carried out using baseline (historical) and nonstationary projected
(future) IDF curves of precipitations for the study area. Annual extreme daily precipitation from
historical record (from 1950 to 1999) and future climate (from 2050 - 2999) available from
Climate Model Intercomparison Project Phase 5 (CMIP5) were used to retrieve baseline and
projected IDF curves, respectively. Baseline IDF curves were evaluated following the approach
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adopted by the National Oceanic and Atmospheric Administration (NOAA) (Bonnin et al.
(2006)) under the assumption of temporal stationarity, meaning that the statistics of extreme are
expected to be constant over time. However, in a changing climate, the stationary assumption
might not be well representative of the real meteorological conditions (Milly et al. 2015).
Consequently, the projected IDF curves were obtained under the assumption of nonstationarity,
meaning that the statistics of extremes are considered time-dependent upon detection of a
statistically significant trend in the data. The framework adopted for IDF curve definition is
presented in Cheng and AghaKouchak (2014), and it is flexible enough to deal with stationary
and nonstationary extremes.
2.4

Levee Section and Soil Properties
Figure 2.1 shows the geometry and soil layers of the Elkhorn levee’s model. The soil

profile consists of a four-layer system, whereby the 3.7 m levee is constructed from silty sand
(SM-ML) over a thin layer of sandy clay (CL) with low hydraulic conductivity. Under the CL
layer, there is a 2.1 m thick layer of SM-ML soil with properties similar to those of the top layer.
Beneath this layer, the soil is mostly silty sand (Brizendine 1997). Slope stability analyses of the
Elkhorn levee were conducted using the RS2 9.0 program, and the results were used to evaluate
the probability of failure under various water levels and rain intensities (Khalilzad et al. 2014).
Table 2.1 shows the soil properties used for the above three soil types in the FE simulations.
Table 2.2 shows the Soil Water Characteristic Curve (SWCC) parameters used to model the
unsaturated soil properties within the SM-ML levee materials. The SWCC parameters were
selected using van Genuchten model (1980). The foundation soils are assumed to be saturated
under all conditions. Saturated hydraulic conductivity Ksat was varied within the levee material.
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Figure 2.1

Geometry of the Elkhorn levee used in the simulation.

Table 2.1

Soil properties of the Elkhorn levee.
Unloading- Reloading
Modulus of Elasticity
Eur (kPa)

Soil type
SM-ML

18.0

7.6 × 10-7

3.8

32

2.6 × 104

CL

18.4

1.9 × 10-7

3.8

30

2.1 × 104

SM

17.9

1.7 × 10-6

1

34

5.0 × 106

Table 2.2

Hydraulic
Cohesion
Conductivity
c (kPa)
Km (m/s)

Friction
angle
 (deg.)

Bulk Unit
Weight
γ (kN/m3)

SWCC parameters for SM-ML layers of the levee embankment.

Soil

Saturated Hydraulic
Conductivity Ksat (m/s)

van Genuchten
n

van Genuchten
 (1/m)

Res. Vol. Water
Content, θres

Soil I
Soil II
Soil III

5.0 × 10-5
5.0 × 10-6
5.0 × 10-7

2.28
1.48
1.23

3.78
1.80
0.3

0.139
0.256
0.207

Soil IV

5.0 × 10-8

1.09

0.15

0.194
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2.5

Hydro-Mechanical Modeling
The FE model (Figure 2.1) is used to simulate the hydro-mechanical response of the

Elkhorn levee under transient, variably saturated infiltration. The bottom boundary is fixed in
both vertical and horizontal directions, whereas the left and right boundaries are fixed only in the
horizontal direction. To specify the initial flow boundary conditions, the bottom, left and right
boundaries are set as no-flow boundaries. Eight-node quadrilateral elements are employed to
create the FE mesh.
The infiltration was simulated by assigning the precipitation boundary condition to the
upstream (above the water level elevation), crest and downstream sides of the levee. Figures 2.2a
and 2.2b show the baseline and projected IDF curves, respectively, which were used to represent
extreme precipitation patterns in the FE simulations. Two water levels are considered in the
simulation, normal level at 19.6 m and flood condition at 22 m. Changes in the rain intensity and
duration were considered for each water level. Fifteen different combinations of rainfall intensity
for each of the two water levels were considered, resulting in a total of thirty cases. The
considered intensities were determined from the baseline and projected IDF curves for 25, 50,
and 100 year return periods. Finally, the resulting strength reduction factors from each modeled
case are used to draw the fragility curve by using Equation 2.2.
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a)

b)

Figure 2.2

2.6

IDF curves of Sacramento, CA region: a) Baseline and b) Projected.

Results
Figure 2.3a presents the probability of failure versus rainfall intensity from baseline IDF

curves given normal water height condition. Figure 2.3b displays the same information given
flood condition. These two figures show that the probability of failure increases slightly for
durations less than three days. On the contrary, for durations more than three days the probability
of failure increases faster for both normal and flood conditions. These increases in the failure
probability are due to the duration. In fact, Long events have a significant effect on the
infrastructure safety factor, even if they are associated with lower rainfall intensities.
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a)

b)

Figure 2.3

Probability of failure versus rainfall intensity using baseline IDF curves at: a)
normal water level (19.6 m) and, b) flood level (22 m).

Figure 2.4a represents the probability of failure versus rainfall intensity for projected IDF
curves at the normal condition, while Figure 2.4b displays the same information for the flood
condition. Similarly, Figures 2.3a and 2.3b, for durations more than three days the probability of
failure increases at a higher rate for both normal and flood conditions. Furthermore, the
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probability of failure given a 100-year event combined with normal or flood condition increases
at a higher rate than events with shorter return periods for durations less than three days.
However, the probability of failure for a 25-year event combined with normal or flood condition
increases faster than events with different return periods for more than three days. Figures 2.3
and 2.4 show that the impact of future climate is greater than the historical record on both the
factor of safety and the probability of failure. In addition, the effect of the 7-day projected
rainfall for 100-year return period has the maximum impact on the probability of failure among
all rainfall events considered. As mentioned, the probability of failure under future climate is
greater than under historical record and these increases range between 3.1% - 12.1%. These
increases in the probability of failure are due to more severe rainfall for the same event duration.
On the other hand, the results show a decrease in the probability of failure of the upstream side
of the embankment with an increase of water level, so the levee’s slope stability goes up during
flooding. The additional water on upstream face will provide fixative load against failure.
The variances between the impact of historical and projected IDF curves are estimated
here by comparing the effect on the performance of earthen levee. The main factor affecting the
response of levees is the intensity of extreme precipitation events. The results show that the
intensity has a significant effect on probability of failure. As a result, the future IDF curves have
greatest influence on the performance of the levee.
The current study aimed to evaluate to what extent changes in extreme precipitations due
to climate change may affect the behavior of a critical earthen structure. The modeling
framework proposed in the current study can be used to evaluate various geotechnical structures
(e.g., slopes, retaining walls) in other regions and climate extremes.
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a)

b)

Figure 2.4

Probability of failure versus rainfall intensity using projected IDF curves at: a)
normal water level (19.6 m) and, b) flood level (22 m).
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CHAPTER III
LEVEE FRAGILITY BEHAVIOR UNDER PROJECTED FUTURE FLOODING IN A
CHANGING CLIMATE
This chapter has been submitted for review and possible publication in a scholarly
journal. The paper is currently under peer review process while this dissertation has been
written. This chapter has been reformatted and replicated herein with minor modifications in
order to fit the purposes of this dissertation.
3.1

Introduction
Historical observations demonstrate considerable changes in type, severity, frequency,

and duration of extreme precipitation and flooding events in several parts of the world, including
the U.S. (IPCC, 2013; USGCRP, 2009; Groisman et al., 2004). For instance, ground-based
observations show a 9% increase in heavy precipitations from 1958 to 2012 (USGCRP, 2009).
Additionally, partly attributed to anthropogenic activities, climate models project increases in the
intensity and frequency of future extreme precipitation and flooding (e.g., Florsheim and Mount,
2003; Ragno et al., 2018). In the U.S., the impact of the annual flood related damage to
infrastructure has statistically increased significantly since 1934 (Pielke et al., 2002). In addition
to increasing exposure to extremes, a warming climate also affects water vapor holding capacity
in the atmosphere, which in turn can intensify precipitation extremes and increase flood risk
(Trenberth, 2001; Papalexiou and Montanari, 2019).
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Adaptation to climate change requires a careful evaluation of infrastructure performance
under extreme events such as flooding under different emission scenarios (e.g., CACC, 2018;
Vardon, 2015; Reidmiller et al., 2018; Forzieri et al., 2018; Hagenlocher et al., 2018; Vahedifard
et al., 2018). Changes in statistics of extreme precipitation and flood in a changing climate can
have a significant impact on the stability of natural and man-made earthen structures including
levees (e.g., CACC 2018; Newmann et al., 2015; FEMA, 2018; Robinson and Vahedifard, 2016;
Robinson et al., 2017; Jasim et al. 2017; Vahedifard et al., 2017). The severity of damage to
levees depends on the structural integrity of the levee as well as intensity, duration, and
frequency characteristics of extreme climatic events such as rainfall, flood, and drought events.
The structural integrity of levees subjected to extreme events and loading conditions can be
threatened through one or multiple modes of failures such as slope instability, piping,
overtopping, under-seepage, and through-seepage.
This study aims to demonstrate how findings from hydrology and climate science can be
employed by the geotechnical engineering community to quantify the site-specific impacts of
climate change on earthen levees. For this purpose, we quantify the effects of extreme
streamflow in a changing climate on the performance of an earthen levee considering multiple
modes of failure. For the study site, both past (1950-2000) and future (2049-2099) streamflow
datasets are derived from bias corrected global climate models and routed hydrological
simulations, specifically developed for the 4th California Climate Change Assessment (Peirce et
al., 2015; 2018). The flood level hydrographs with different climatic extreme return periods are
then employed as forcing loads into a fully coupled elasto-plastic finite element (FE) model to
determine the seepage and stress fields of the levee subjected to extreme flood scenarios. The FE
model is used to evaluate the probability of failure of the levee against individual and combined
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modes of failure including slope instability, piping at the toe, internal erosion and overtopping.
Results are employed to develop a set of fragility curves that can be applied for risk analysis and
planning purposes.
3.2

Study Area
For modeling purposes, we study Elkhorn Levee, an earthen levee located within a high

risk flooding zone (Reclamation District No. 1000) in Sacramento, California. Over 21,000
kilometers of levees protect dry land and infrastructures from floods, protect two-thirds of the
drinking water in California (CDWR, 2011). However, the majority of these levees work under
relatively marginal conditions (CDWR, 2011), which is comparable to the overall grade of the
nation’s levee systems (ASCE, 2017). Levee systems throughout the Northern California Central
Valley are primarily urban levees, which protect densely populated areas from flooding (CDWR,
2011). These levees are intermittently loaded and function only during flooding or high water
levels. In contrast, the levees throughout most of the Delta downstream of Sacramento are
mainly non-urban levees protecting land that is at or below sea level and often continuously hold
back water.
According to the observations of a 155-year data record for a main California river
system, structural failures have occurred in more than 25% of the earthen levees during the last
century (Florsheim and Dettinger, 2007), leading to severe socio-economic impacts in the region
(McMichael et al., 2006; CDWR, 2011). Considering rapidly growing urbanization and
developments in the areas protected by levees, the occurrence of similar failures can cause even
more adverse severe socio-economic impacts in the future.
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3.3

Flood Hydrograph in a Changing Climate
Current practices for design and risk assessments of infrastructure systems commonly

rely on observed historical extremes, such as rainfall and flood records assuming the statistics of
extremes do not change significantly over time (Cheng et al., 2014; Salas and Obeysekera,
2013). In this study, however, we incorporate future flood projections into analysis of Elkhorn
Levee. Unlike using common statistical proxies to estimate future river discharge (e.g.,
Kundzewicz et al., 2014; Wobus et al., 2014; Lund et al., 2018), we take advantage of the
projected future streamflow derived from global climate models and hydrological simulations.
Elkhorn Levee is adjacent to Camp Far West, one of the 59 locations across Northern California
where daily streamflow projections (1950-2099) are developed, bias corrected, and routed by the
Scripps Institution of Oceanography for the 4th California Climate Assessment (Pierce et al.,
2014, 2015, 2018). The Variable Infiltration Capacity (VIC) hydrological model (Lohmann et
al., 1996, 1998) that simulates surface and subsurface processes, was forced with downscaled
global climate model (GCM) simulations to route streamflow at a daily temporal scale. The biascorrected inputs to the hydrological model (VIC) are based on ten GCMs from the Fifth Coupled
Model Intercomparison Project (CMIP5) and two representative concentration pathways (RCPs):
RCP4.5 and RCP8.5.
For flood risk analysis in Elkhorn Levee, we employ the most extreme projected
streamflow scenario, which belongs to model MICRO5, one of the four representative climate
models for California. We run flood frequency analysis using Process-Informed Nonstationary
Extreme Value Analysis (ProNEVA, Cheng et al., 2014; Ragno et al., 2019) to identify the flood
magnitude for different return periods (White, 1975; Groves , 2006). To account for flood
duration, design loads are represented by flood hydrographs associated with a specific annual
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exceedance probability rather than a single design flood stage (Sugahara et al., 2009; Madsen et
al., 2009; Simonovic and Peck, 2009). We compute the index hourly hydrograph from the
observed hourly gage height (BEAR R NR WHEATLAND, USGS) during a 2-day maximum
flooding event applying rating curve (i.e., river stage and discharge relationship at the gauging
station).
Figure 3.1 shows the past (1950-2000) and projected future (2049-2099, RCP 8.5) flood
hydrographs, which are used to represent water level patterns in the FE simulations for 5, 10, 25,
and 50-year return periods. The future hydrographs, for all return periods, exhibit higher peak
water levels compared to the corresponding past hydrographs (up to 1.89 m higher water level,
9.5% increase, in the 50-year event), implying that the climate model (here, MICRO5) points to
an increase in the frequency of extreme floods in the future. This indicates more intense floods in
the future and higher chance of failure from hydrologic perspective, which is consistent with the
findings of Mallakpour et al. (2019).

Figure 3.1

Past (1950-2000) and projected future (2049-2099, RCP 8.5) flood level
hydrographs for a 45-hour flood event in Elkhorn Levee location, Sacramento,
California.
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3.4

Risk Analysis of Levee Considering Different Modes of Failure
A wide range of phenomena such as slope instability, overtopping, piping, and internal

erosion due to under seepage and/or through seepage can adversely affect the overall
performance of an earthen levee and may lead to failure. In most cases, the failure occurs as a
result of more than one phenomenon or failure mode. The overall likelihood of a levee failure is
a composition of the individual potential modes of failure. In this study, the performance of the
modeled levee is evaluated against individual and combined modes of slope instability, piping at
the toe, and internal erosion.
Slope instability is triggered mainly due to a reduction in the soil shear strength (e.g., due
to excessive positive pore-water pressure) and an increase in external loadings (e.g., due to
flooding and rainfall). Piping at the toe and internal erosion are among the main factors causing
failures in earthen levees and dams. A survey about dam failure shows that internal erosion and
piping cause around 48% of levees collapses (Foster et al., 2000). Generally, a significant head
difference between the total heads of the upstream and the downstream of the levee leads to
excessive under-seepage and through-seepage triggering piping and internal erosion. The
intensity of seepage depends on the type of soil and its permeability where water flows faster
through soil with high hydraulic conductivity. Moreover, the intensive difference in the inboard
and outboard water elevations generates a high-pressure gradient which can induce piping.
Generally, the toe of levee is the most critical location for piping due to the high hydraulic
gradient at this location. The factor of safety against piping can be evaluated by comparing the
critical hydraulic gradient to the existing hydraulic gradient (Mazzoleni et al., 2014).
Since levee collapse is not often due to a single mode of failure, it is prudent to perform
the levee risk analysis under both individual and multiple modes of failure. Due to the mutual
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influence between modes of failure, the combined risk analysis of levees has gained more
attention, and it is considered more reliable for levee performance assessments (e.g., Hubel et al.,
2010; Gehl, 2017). Different modes of failure are interactive but might not be perfectly
correlated or mutually independent (Fu et al., 2018). Hence, considering different modes of
failure individually and combined is required to perform a comprehensive risk analysis. In this
study, the risk analysis of the modeled levee is performed by integration of the probability of
failure for each mode of failure while considering dependence effects of extreme flood events
into the evaluation of the safety factor.
Assuming independence among all failure modes, one can evaluate the global probability
of failure of the system using the following equation (Lendering et al., 2018):
𝑃𝑓:𝑠𝑦𝑠 = 1 − ∏𝑛𝑖=1( 1 − 𝑃𝑓:𝑖 )

(3.1)

where 𝑃𝑓:𝑠𝑦𝑠 is the global probability of failure of the system and 𝑃𝑓:𝑖 represents the
fragility curve for the ith mode of failure. Fragility curves, which represent the probability of
failure of the structure versus a measure of load intensity, are widely used in risk assessments
(e.g., Baker, 2008; Vorogushyn et al., 2009). In most cases, the log normal cumulative
distribution function (CDF) is an acceptable fit to a fragility function, mathematically shown as
(Kaynia, 2013):
𝐹𝑑 (𝑥) = 𝑃{𝐷 ≥ 𝑑|𝑋 = 𝑥} 𝑑 ∈ {1,2, … … . . 𝑁𝐷 }

(3.2)

ln 𝑥⁄𝜃𝑑
𝐹𝑑 = 𝜑 (
)
𝛽𝑑

(3.3)

where 𝑃{𝐷 ≥ 𝑑|𝑋 = 𝑥} and 𝑃𝑓:𝑖 are the probability of failure, X is an intensity measurement of
loading conditions, x is a specific value of extreme loading events (e.g., flood water level in the
current study) causing the damage state reaches a predefined failure threshold. In this study, the
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failure threshold is defined when the factor of safety reaches one. Further, D is the response
threshold or uncertain damage state of a particular component. As defined, D can take on a value
in {0,1,... 𝑁𝐷 }, where D = 0 denotes the undamaged state and D = 1 denotes the 1st damage state,
d is the response of the ith random variable that can be either a displacement quantity or a factor
of safety or any other measure of safety for which adequate capacity exists, 𝑁𝐷 is the number of
possible damage states, 𝑁𝐷 {1, 2, …}, 𝜑 is the standard normal cumulative distribution
function, θd is the median capacity of the asset to resist damage state d (with 50% probability of
collapse), βd is the standard deviation of the natural logarithm of the capacity of the asset to resist
the damage state d (Kaynia, 2013).
3.5
3.5.1

Numerical Modeling
Geometry and Soil Properties
A cross-section of Elkhorn Levee (Figure 3.2) is numerically modeled to evaluate and

compare the impacts of the past and projected future flood events. A two-dimensional fully
coupled FE model is built using the commercial software RS2 (Rocscience Inc., 2019) to
simulate the hydro-mechanical performance of Elkhorn Levee under steady-state and transient
variably saturated seepage conditions.
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Figure 3.2

Geometry of Elkhorn Levee used in finite element modeling.

As shown in Figure 3.2, the model consists of a four-layer soil system. The levee’s body is 3.7 m
of silty sand (SM-ML) over a deep foundation, consisting of a thin layer of sandy clay (CL) with
low hydraulic conductivity. Under the CL layer, there is a 2.1 m thick layer of SM-ML soil layer
with properties similar to those of the levee’s body. Under this layer, the soil is mostly silty sand.
The soil proprieties and geometry are adopted from those reported in Brizendine (1997). Table
3.1 presents the soil properties used for these soil layers in the FE simulations. The soils are
simulated using the Mohr-Coulomb elasto-plastic constitutive model. Table 3.2 presents the Soil
Water Characteristic Curve (SWCC) parameters of the van Genuchten model (1980) used to
model the unsaturated soil properties within the SM-ML layer. As shown in Figure 3.2, the levee
body (SM-ML layer) is divided into four sublayers, which are denoted as Soil I to Soil IV in
Table 3.2. The saturated hydraulic conductivity, Ksat, and the SWCC parameters vary within the
levee embankment layer. The foundation soils are assumed to be saturated under all conditions.
The FM mesh is created using eight-node quadrilateral elements (Figure 3.2).

Table 3.1

Soil properties of the Elkhorn levee.
Hydraulic
Cohesion
Conductivity
c (kPa)
Km (m/s)

Friction
angle
 (deg.)

Unloading- Reloading
Modulus of Elasticity
Eur (kPa)

Soil type

Bulk Unit
Weight
γ (kN/m3)

SM-ML

18.0

7.6 × 10-7

3.8

32

2.6 × 104

CL

18.4

1.9 × 10-7

3.8

30

2.1 × 104

SM

17.9

1.7 × 10-6

1

34

5.0 × 106
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Table 3.2

SWCC parameters for SM-ML layers of the levee embankment.

Soil

Saturated Hydraulic
Conductivity Ksat (m/s)

van Genuchten
n

van Genuchten
 (1/m)

Res. Vol. Water
Content, θres

Soil I
Soil II
Soil III
Soil IV

5.0 × 10-5
5.0 × 10-6
5.0 × 10-7
5.0 × 10-8

2.28
1.48
1.23
1.09

3.78
1.80
0.3
0.15

0.139
0.256
0.207
0.194

3.5.2

Initial and Boundary Conditions and Modeling Stages
The bottom boundary is restrained in both vertical and horizontal directions, whereas the

left and right boundaries are restrained only in the horizontal direction. For the initial flow
boundary conditions, the bottom left, and bottom right boundaries are set as impermeable
boundaries. The simulation for the past and the projected flood hydrographs, consists of two
stages:
1.

First stage: generation of a steady-state seepage flow throughout the levee domain that
was used as the initial hydraulic condition. In this stage, no water level is considered at
the upstream side and the ground water table is set to be at the elevation of 15 m (Figure
3.2).

2.

Second stage: transient fully coupled hydro-mechanical analysis by applying the timedependent upstream water levels for a total duration of 45 hours, corresponding to the
hourly flood hydrographs with return periods of 5, 10, 25, 50 years (shown in Figure 3.1).

3.5.3

Factor of Safety and Probability of Failure for Different Modes
Slope instability of the simulated levee is numerically evaluated through the critical

strength reduction factor (SRF) determined from the FE model. Zienkiewicz et al. (1975)
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proposed the SRF concept in FE simulations, which has been widely used to determine the
stability of soil slopes. SRF is defined as the ratio of the maximum subjected shear strength of
the soil to the available soil shear stress generated by the applied load on the levee. The critical
SRF corresponds to the factor of safety concept commonly employed in the slope stability
analysis practice (Zienkiewicz et al., 1975). The principle of the strength reduction method is
using a reduction factor to decrease the soil shear strength parameters, c and , incrementally
until the slope will reach its limit state, and the reduction factor leading to the model failure,
critical SRF, will be the global factor of safety of the slope, 𝐹𝑂𝑆𝑠 (Griffiths and Lane, 1999). For
stability requirements for all cases, the FOS values greater than 1 means the slope is stable, but
the opposite cases mean the slope is unstable. According to shear failure, the factor of safety
against slope instability, 𝐹𝑂𝑆𝑠 , is evaluated as:
𝐹𝑂𝑆𝑠 =

𝜏
𝜏𝑓

(3.4)

where 𝜏 is the shear strength of the soil, which is evaluated by using the Mohr- failure criterion
as:
𝜏 = 𝑐 + 𝜎𝑛 tan 

(3.5)

and 𝜏𝑓 is the shear stress on the slip surface, which is defined as:
𝜏𝑓 = 𝑐𝑓 + 𝜎𝑛 tan 𝑓

(3.6)

where the factored shear strength parameters are defined as:
𝑐𝑓 =

𝐶
𝑆𝑅𝐹
tan 
)
𝑆𝑅𝐹

𝑓 = tan−1 (
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(3.7)
(3.8)

In this study, based upon the above formulations, the critical SRF calculated by the FE
program for each scenario is considered as the 𝐹𝑂𝑆𝑠 for that case.
The factor of safety against piping at the toe is defined as the ratio of the critical
hydraulic gradient (representing all stabilizing downstream forces) to the exit gradient at the toe
representing the destabilizing upward seepage force at the toe) as:
𝐹𝑂𝑆𝑝 =

𝑖𝑐
𝑖𝑣

(3.9)

where 𝐹𝑂𝑆𝑝 is the factor of safety against piping, 𝑖𝑐 is the critical hydraulic gradient,
and 𝑖𝑣 is the exit gradient at the toe, which is considered the most critical point for
this mode of failure.
The factor of safety against internal erosion is commonly determined as the
relationship between the critical shear stress generated by the seepage throughout the
domain to the shear strength of the soil (Indraratna et al., 2008; Wilson et al. 2013):
𝐹𝑂𝑆𝑖 =

𝜏𝐶
𝜏𝑓

𝜏𝐶 = 𝛾𝑤 ℎ𝑝 𝑖𝑐

(3.10)
(3.11)

where 𝐹𝑂𝑆𝑖 is the factor of safety against internal erosion, 𝜏𝐶 is the critical shear stress, 𝜏𝑓 is the
shear strength of the soil, 𝛾𝑤 is the unit weight of water, ℎ𝑝 is the pressure head, and 𝑖𝑐 =
𝛾𝑠𝑎𝑡 − 𝛾𝑤
𝛾𝑤

.

Overtopping is one of most common risks threatening the integrity of levees. Levee
failures are mostly caused by overtopping which affects over 40% of the USACE levee portfolio
(USACE, 2018). Any excessive flood water level higher than levee crown threatens the levee’s
stability and the dry leveed area. Mainly, the relationship between flood water level and crest
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level control the overtopping safety. The overtopping stability can be assessed by using the ratio
between the maximum water level versus the crest level as follows (Fu et al., 2018):
𝐹𝑂𝑆𝑜 =

𝐻
ℎ

(3.12)

where 𝐹𝑂𝑆𝑜 is the factor of safety against overtopping, 𝐻 is the crest level, and ℎ is the water
level.
3.6
3.6.1

Results and Discussion
Piping at the Toe
Figure 3.3 displays the factor of safety against piping at the toe for various flood water

levels during 45-hour past and future flood events considering four return periods: 5, 10, 25, and
50 years. The factor of safety decreases as the water level is approaching the hydrograph peak,
indicating that the safety of the levee significantly decreases at the water levels right below the
levee crown (e.g., factor of safety of 1.2 for the 50-year future event). Incorporating future
climate (i.e., higher flood stage) rather than relying on past dataset results in 22% decrease in the
factor of safety of the levee. In fact, the higher water level in riverside increases the hydraulic
gradients, which leads to decrease in the system stability. Applying future climate perils the
levee stability by 22% reduction in the factor of safety compared to the past climate, implying
that 1.9 m higher flood stage in the future would mainly affect the safety of the levee.
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Figure 3.3

3.6.2

Factor of safety against piping at the toe versus flood duration using the past and
future flood scenarios in four return periods: a) 5 years, b) 10 years, c) 25 years,
and d) 50 years.

Slope Instability
Figure 3.4 shows the factor of safety against slope instability for various flood water

levels during 45-hour past and future flood events considering four return periods: 5, 10, 25, and
50 years. The factor of safety decreases while the water level is reaching the hydrograph’s peak,
indicating that safety of the levee significantly decreases at the water levels right below the crest
level (factor of safety of 1.4 in the 50-year future event). Longer duration and higher water levels
increase the pore-water pressure and cause suction loss, which lead to reduction in the soil’s
shear strength threatening the safety of the levee. Incorporating the future climate (i.e., higher
flood stage) rather than relying on the past dataset results in 26% decrease in the factor of safety
against slope instability.
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Figure 3.4

3.6.3

Factor of safety against slope instability for a 45-hour flood event comparing past
and future climate in four return periods: a) 5 years, b) 10 years, c) 25 years, and d)
50 years.

Internal Erosion
Figure 3.5 displays the factor of safety against internal erosion for various flood water

levels during 45-hour past and future flood events considering four return periods. Overall, the
internal erosion factors of safety show higher values compared to the other modes of failure that
were examined. This can be due to the low hydraulic conductivity of the levee’s body and
foundation. The internal erosion due to under-seepage (caused by water level fluctuation) has a
significant impact on the levee stability system. However, due to the low permeability material in
this levee’s foundation, the internal erosion plays a minor role on overall levee stability.
Incorporating the future climate (higher flood stage) rather than relying on past dataset results in
22% decrease in the factor of safety against internal erosion.
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Figure 3.5

3.6.4

Factor of safety against internal erosion for a 45-hour flood event comparing past
and future climate in four return periods: a) 5 years, b) 10 years, c) 25 years, and d)
50 years.

Overtopping
Figure 3.6 depicts the factor of safety against overtopping for various flood water levels

during 45-hour past and future flood events considering four return periods that were examined.
The factor of safety decreases while the water level reaches the hydrograph’s peak, indicating
that the safety of the levee significantly decreases at the water levels right below the levee crest
(factor of safety of 1.01 in the 50-year future event). Overall, because of the small freeboard (less
than 50 cm), the overtopping factors of safety show lower values compared to the other modes of
failure at the peak points. Using the future climate dataset results in 6% decrease in factor of
safety against overtopping compared the results obtained using the past dataset.
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Figure 3.6

3.6.5

Factor of safety against overtopping for a 45-hour flood event comparing past and
future climate in four return periods: a) 5 years, b) 10 years, c) 25 years, and d) 50
years.

Combined Failure Mode
Figure 3.7 shows the probability of failure in combined failure modes for various flood

water levels during 45-hour past and future flood events considering different return periods. The
combined probability of failure is the cumulative of probability of failure of all failure modes.
Therefore, considering the combined probability of failure in the overall performance of levee is
more significant than the effect of each mode individually. Indeed, the value of combined modes
of failure is larger than each mode of failure individual. Due to the vast effect of the probability
of failure values for slope instability and piping on the combined modes of failure, the highest
probability of failure is concentrated at the duration between 10- 20 hours. Also, it can be noticed
that the probability of failure significantly increases towards higher return periods with high
water level.
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Figure 3.7

3.6.6

Combined probability of failure for a 45-hour flood event comparing past and
future climate in four return periods: a) 5 years, b) 10 years, c) 25 years, and d) 50
years.

Comparative Results for Past versus Projected Future Scenarios
Figure 3.8 exhibits the percentage change in the factor of safety against different failure

modes using the future climate data relative to the past flood scenarios for various flood water
levels during 45-hour events considering four return periods: 5, 10, 25, and 50 years. The highest
decrease in the factor of safety in the future is about 23%, which corresponds to the hydrograph’s
peak timing considering for the 50-year flood event. This maximum reduction is observed for
piping at the toe failure and slop instability modes. Longer duration and higher water levels
cause increases in the hydraulic gradient and reductions in the soil’s shear strength, which both
lead to decreases in the factor of safety for slope instability and piping at the toe. Overall, the
changes in future factor of safety relative to the past show that warming climate has a significant
impact on individual and combined modes of failure.
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Figure 3.8

Relative change in factor of safety of levee using the future flood scenarios versus
past flood scenarios for a 45-hour flood event in four return periods: a) 5 years, b)
10 years, c) 25 years, and d) 50 years.

Figure 3.9 illustrates the percentage change in the probability of failure using the future
flood scenarios compared to the past flood scenarios during 45-hour flood events considering
four return periods: 5, 10, 25, and 50 years. The relative changes in the probability of failure
mainly fluctuated in early and later stages of flooding period. The probability of failure increased
nonuniformly between approximately 1 to %95, that highlights climate change can have a
significant impact on the probability of failure in certain conditions. The nonuniform trend of the
probability of failure can be attributed to the nonlinear response of the soil under variably
saturated seepage conditions.
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Figure 3.9

Relative change in probability of failure of levee using future climate data versus
past flood scenarios for a 45-hour flood event in four return periods: a) 5 years, b)
10 years, c) 25 years, and d) 50 years.
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CHAPTER IV
A METHODOLOGY FOR SIMULATING IMPACTS OF COMPOUND COASTAL
FLOODING ON EARTHEN LEVEES IN A CHANGING CLIMATE
This chapter has been submitted for review and possible publication in a scholarly
journal. The paper is currently under peer review process while this dissertation has been
written. This chapter has been reformatted and replicated herein with minor modifications in
order to fit the purposes of this dissertation.
4.1

Introduction
Floods annually cause billion-dollar economic losses and, in some cases, casualties in the

United States and around the world (NRC, 2012; NCEI, 2019). From 1980 to July 2019, inland
floods have caused 554 deaths and over $126 billion of CPI-adjusted losses in the United States
(NCEI, 2019). This calls for a critical need to continuously assess and enhance the integrity and
resilience of the nation’s earthen levees, which form a key part of the nation’s flood protection
systems (NRC, 2012, CACC, 2018). The need will only become more evident under a changing
climate that is projected to worsen the statistics of extreme events. Under a changing climate,
flooding damages are expected to rise up to around $1 trillion by 2050, if no appropriate
protective measure is implemented (Hallegatte et al., 2013). Based on the National Levee
Database (NLD, 2019), levees of the United States consist of 8,891 levee systems stretching over
28,826 miles of levees with an average age of 56 years. These levees keep the dryland safe from
flooding and in some areas, such as California, deliver the drinking water (NRC, 2012; Robinson
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and Vahedifard, 2016; Vahedifard et al., 2016; ASCE 2017). Levees serve nearly 35% of the
nation’s counties and approximately two thirds of the American population live in a county
protected by at least one earthen levee (NLD, 2019). Many of these levees are working under
marginal conditions (e.g., NRC, 2012; ASCE, 2017). Furthermore, considering the rapidly
growing urbanization and developments in low-lying areas, more socio-economic exposure to
flooding due to levee failures are expected (NRC, 2012; ASCE, 2017; USACE, 2018).
Levees in estuarine systems can be subject to flooding triggered by multiple drivers (e.g.,
extreme precipitations, storm surge, astronomic tides, and river discharge), a phenomenon
referred to as compound flooding (e.g., Moftakhari et al., 2017, 2019). Pluvial floods are events
directly resulting overland flow from extreme precipitation. Routed runoff via canals, river
valleys and storm drainage system is called fluvial flooding. In freshwater-influenced coastal
systems, a combination of all aforementioned processes (e.g., mean sea level, tides, river
discharge and storm surge) govern flooding dynamics and apply hydraulic loadings to levee
systems. In these systems, interaction between hazard drivers through nonlinear frictional effects
modulate extreme variability of estuarine water level (e.g., Guo et al., 2014; Hinkel et al., 2014;
Hoitink and Jay, 2016). This means that risk in a warmer climate (e.g., under rising sea level)
and due to anthropogenic effects (e.g., dredging) may not be accurately estimated through
superposition of impacts from each driver in isolation, and dynamic simulation of underlying
processes is necessary (Familkhalili and Talke, 2016).
While the main risk of flooding in tidal rivers has historically been attributed to fluvial
processes, recent studies have demonstrated the effect of pluvial and coastal processes in
governing the extreme water level within freshwater influenced tidal systems as well,
highlighting the need to account for all possible drivers for flood risk amassment purposes (e.g.,
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Chen et al., 2010; Moftakhari et al., 2017; Sadegh et al., 2018). Indeed, these flooding drivers
are, in some systems, very likely to coincide, which causes more serious consequences than the
one in isolation (Ashley et al., 2005). However, common practices for evaluation of flood hazard
usually considers a single driver at a time (Moftakhari et al., 2017, 2019). Although the
interdependent factors affect all risk drivers, one may not necessarily be an extreme event
individually; dependence between two or more drivers can lead to serious extreme impacts
(Leonard et al., 2014; Vahedifard et al., 2015; AghaKouchak et al., 2018; Sadegh et al., 2018).
Furthermore, the extreme or non-extreme events happening simultaneously or sequentially can
increase the failure probability of infrastructure systems such as levees subjected to such events.
Climate change is projected to alter, in several regions worsen, statistics of extreme
precipitation and other flood deriving components contributing to compound flooding (Bevacqua
et al., 2019; Wahl et al., 2015)). Such changes can have a significant impact on short- and longterm performance and integrity of levees (e.g., CACC, 2018; Newmann et al., 2015; FEMA,
2018; Jasim et al., 2017). The level of impact on levees depends on the current status of the levee
as well as intensity, duration, and frequency characteristics of extreme hydroclimate events such
as precipitation and flood events. Current design of infrastructure relies on observed historical
extremes, such as extreme precipitation events and flood scenarios. For instance, hydrographs for
fluvial and pluvial flooding are obtained by hydrologic analysis of runoff from historical rainfall
data and directly using precipitation Intensity-Duration-Frequency (IDF) curves based on
historical observations and the so-called stationary assumption. This implies that the statistics of
extreme precipitation intensities are not expected to change significantly over time (Ragno et al.,
2018). However, changes in hydrologic cycles due to climate change can have significant impact
on the intensity and frequency of hydrologic extreme events such as precipitations and flooding
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(e.g., USGCRP 2009; IPCC 2013; Ragno et al., 2018). Adaptation of levees to climate change to
protect against future risks necessitates a careful evaluation of the existing levees’ performance
under compound flooding in a changing climate (e.g., CACC, 2018; Hagenlocher et al., 2018;
Vahedifard et al., 2018).
A rigorous flood hazard assessment warrants proper consideration of the effects of all
possible flood drivers, an overlooked aspect in the majority of the existing flood hazard analyses.
The main objective of this study is to demonstrate how the safety of earthen levees subjected to
compound flooding can be quantitatively assessed under current and future climate. For this
purpose, a new modeling framework is developed to numerically evaluate the performance of an
earthen levee in Sherman Island, Sacramento, CA subject to compound flooding induced by
coastal (i.e., mean sea level variability and tides), fluvial (i.e., hydrologic runoff from rainfall)
and pluvial (i.e., directly resulting from extreme precipitations) processes. For coastal and fluvial
flooding, hydrographs for various scenarios are simulated for the study area using a bivariate
analysis of peak river discharge and peak coastal water level while accounting for the
significance of correlation between these two variables. Fluvial and coastal flood hydrographs of
the study area are obtained for three hydrodynamic scenarios: “Most Likely” (the most likely
event which is associated with the highest joint probability density function), “Q Dominated”
(simulated flood water level by considering the peak river discharge) and “T Dominated”
(simulated the flood water level scenario corresponding to peak coastal water level). Further,
current and future pluvial flooding patterns are characterized using the baseline historical and
projected future rainfall IDF curves, respectively. The flood hydrographs accounting for coastal,
fluvial and pluvial processes with different recurrence intervals (RIs) are then applied as
hydraulic loadings in a three-dimensional (3D) finite element (FE) model built for fully coupled
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stress-flow simulations of the levee. For each flood scenario, the FE model is used to obtain the
factor of safety (FOS) against slope instability and the probability of failure (Pf) of the levee.
4.2

Sacramento-San Joaquin River and Study Area
For modeling purposes, we simulate an earthen levee in Sherman Island in the

Sacramento–San Joaquin River Delta, referred to as Delta, in Northern California (Figure 4.1).
California’s levee system includes over 21,000 kilometers of levees that protect dryland from
floods, deliver two-thirds of drinking water, and protect homes, businesses, and agriculture in the
Central Valley, Delta, and Northern California from flooding (CDWR, 2011; LAO, 2015). The
levees throughout Delta, such as the Sherman Island levee used in the current study, are
primarily non-urban levees and often continuously hold back water. The Delta plays a key role in
the state’s economy, safety and wellbeing, and is called “California’s infrastructure crossroads”
due to the existence of an extensive array of critical infrastructure systems there (Roe et al.,
2016). Those include large-scale water supplies for over 20 million residents, a multimodal
transportation system (roads, rail and shipping) that extends throughout the Pacific Rim, and an
electricity transmission grid key to California and western North America (Roe et al., 2016). All
of these critical infrastructure systems are protected against flooding by a levee system, which is
shown to be continuously threatened by natural man-made hazards and extreme events such as
earthquakes, land subsidence, drought, flooding, among others (e.g., Deverel et al., 2010;
CDWR, 2011; Port and Hoover, 2011; Brooks et al., 2012; LAO, 2015; Vahedifard et al., 2015,
2016; Deverel et al., 2016).
Sherman Island is located at the western end of the Delta and where the Sacramento and
San Joaquin rivers converge. Among other areas within the Delta, Sherman Island has a
significant importance, called “the cork in the bottle” of the Delta, primarily due to extent and
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types of critical infrastructure systems that exit in the Island. This 40 km2 island hosts regional
and inter-regional electricity transmission lines, natural gas pipelines, two deep water shipping
channels, and State Highway 160, which is a critical link between major expressways Highway
80 and Highway 4, and a “short-cut” to California’s state capitol and regional hub (Hanson,
2009; Roe et al., 2016). The Island’s flood protection system is formed by 29 km of levees
(Hanson, 2009). The Island has experienced several major flood events, leading to multiple levee
failures over the past few decades (Hanson, 2009).
The levee section used in this study is located at the southwest end of the Island, as
shown in Figure 4.1. The selected site is a great candidate to study and demonstrate the impact of
compound flooding. The Sherman Island levee is a good example of flood protection levees that
are exposed to compounding effects of hazard drivers. It is located in a delta where tidal and
fluvial discharge are at the same order of magnitude, and so the flooding dynamics is governed
by a nonlinear interaction between these underlying processes. During high river flow events,
while extreme freshwater influx gives rise to the mean water level adjacent to the levee, it also
dampens the tides propagating upstream and so reduce the tidal variability. On the other hand
during low flow periods, while mean water level is relatively lower, damping modulus is smaller
and so the diurnal tidal range is quite large, such that levees might experience higher water level
depending on the dynamics at coastal ocean boundary. Therefore, these compounding effects are
not linear and cannot be super-imposed to characterize the flooding hazard near Sherman Island.
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Heading

Figure 4.1

4.3
4.3.1

Sherman Island and location of modeled levee cross section (Map data ©2019
Google).

Compound Flooding in a Changing Climate
Flooding from Coastal and Fluvial Processes
Hydrodynamic models are commonly used to analyze various flood scenarios for

different recurrence intervals. In this study, the dynamics of water level within the Delta is
simulated via a bivariate analysis of peak river discharge and coastal water level (Moftakahri et
al., 2017). First, the significance of correlation structure between the two main variables (i.e.,
river flow and coastal water level) are evaluated. Then, copula functions are used to characterize
the dependence structure. Finally, various combinations of peak river inflow and peak coastal
water level are chosen for simulating three hydrodynamic modeling scenarios namely: “Q
Dominated” (simulated flood water level by considering the peak river discharge), “T
Dominated” (simulated the flood water level scenario corresponding to peak coastal water level),
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and “Most Likely” (the most likely event which is associated with the highest joint probability
density function) (Moftakahri et al., 2019).
For appropriate representation of flooding dynamics near Sherman Island, we need to
characterize extreme surface water level. For appropriate characterization of extreme water
surface elevation (WSE) adjacent to the levee of interest, we use the record water level at the
USGS gauge at Threemile Slough near Rio Vista, CA (11337080) between 2007 and 2017. Since
the length of record is much shorter than the design return period for this levee system, we need
to simulate the extreme water level adjacent to the levee based on the upstream and downstream
boundary conditions. In this study, we analyze water level record at the NOAA tide gauge in Port
Chicago, CA (Station ID: 9415144) as downstream boundary condition that represents coastal
processes (e.g., tidal variability) contributing to flooding dynamics near Sherman Island. This
water level is a result of three main components in freshwater-influenced coastal systems
(including Sacramento-San Joaquin Delta): the mean water level (influenced by mean sea level
and freshwater inflow), astronomic tides (driven by gravitational forces), and non-tidal residuals
(including storm surge). We also use the sum of daily discharge from three USGS gauges at
Sacramento River near Verona, CA (11425500), American River at Fair Oaks, CA (11446500),
and San Joaquin River near Vernalis, CA (11303500) as representative of the upstream river
flow. This flow is a major contributor to fluvial flooding dynamics near Sherman Island. We
then fit a linear multivariate function that relates upstream (UB) and downstream (DB) boundary
conditions to the WSE adjacent to the levee of interest. Given the fact that observational records
at both upstream and downstream boundaries span over the past few decades, we can
appropriately characterize both marginal distributions and dependence structure between
flooding drivers. We then simulate the extreme WSE near the levee for given compound
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scenarios of boundary conditions. Our calibration analyses using data between 2007 and 2017
suggest the following coefficients: a1 = -0.0143, a2 = 9.1577e-05, and a3 = 0.8842 for the
multivariate linear regression with equation: WSE = a1 + a2 UB + a3 DB; with Nash–Sutcliffe
model efficiency coefficient = 0.96 and RMSE = 9.99e-17.
To generate the WSE scenarios used in the FE model, we need to do a comprehensive
joint frequency analysis of boundary conditions (UB and DB) to reflect upon the likelihood that
coastal (i.e., mean sea level variability and tides) and fluvial (i.e., hydrologic runoff from
rainfall) processes coincide to produce hazardous situations. Our statistical analysis suggests a
significant correlation between UB and DB in this tidal reach (Spearman's correlation coefficient
= 0.5892 with p-value = 0.0002) and Joe Copula family best fit the correlation structure. We
limit the analysis to RIs less than 50 years, as per the probability theory, extrapolation greater
than 2-4 times length of record yields in large uncertainties and so, unreliable compound hazard
scenarios. Figure 4.2 shows the flood level hydrographs versus duration simulated for three
hydromechanics models with five RIs. Figure 4.2 demonstrates that the Q Dominated (Figure
4.2a) and Most Likely (Figure 4.2c) scenarios yield the highest and lowest peak flood water
levels, respectively, among the hydromechanics models (42.10 m for Q Dominated and 41.98 m
for Most Likely for 7 day duration and RI = 50). The largest relative differences between the
water tables are observed for RI = 2 years and 7 day duration. The relative difference becomes
small and smaller as RI increases.
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Figure 4.2

Flood level hydrographs versus duration simulated for three hydromechanics
models including coastal and fluvial processes with five recurrence intervals for
Sherman Island levee: a) “Q Dominated” indicates simulated flood water level
considering the peak river discharge (middle), b) “T Dominated” refers to flood
water level scenario corresponding to peak coastal water level, and c) “Most
Likely” corresponds to the highest joint probability density function.
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4.3.2

Pluvial Flooding under Current and Future Climate
We employ the baseline historical (Figure 4.3a) and projected future (Figure 4.3b)

precipitation IDF curves for the study area to characterize the pluvial flooding in the study area
under current and future climate. IDF curves provide information on the intensity of a rainfall
event given its average RI and duration (DePoto and Gindi, 1991). Simulated daily precipitation
for the City of Sacramento is implemented for deriving baseline and future precipitation IDF
curves (Ragno et al., 2018). The simulations derive from future climate scenario corresponding
to the Representative Concentration Pathway (RCP) 8.5. We consider daily precipitation
estimates from 1950 to 1999 and from 2050 to 2099 as representative of the historical (baseline)
and future climate, respectively.
Changes in intensity, as well as duration and frequency of extreme rainfall events can
directly affect the fragility state of the geotechnical structures such as levees (e.g., Jasim et al.,
2017; Robinson et al., 2017; Vahedifard et al., 2017). In this study, for each RI we determine the
pluvial flood water table by calculating the rainfall-induced water level (i.e., rain intensity times
rain duration). This is based on the assumption that the extreme precipitation occurs directly at
the levee site and completely turns into pluvial flood water table (i.e., direct pluvial flooding in
an already flooded region).
Baseline IDF curves (Figure 4.3a) are obtained based on the procedure proposed in
Bonnin et al. (2006). The baseline IDF curves are determined solely based on historical
observations and on the stationary assumption implying that the statistics of extreme
precipitations are not expected to change significantly over time. IDF curves are typically
derived by fitting a representative distribution function, such as the Generalized Extreme Value
(GEV) distribution, to annual precipitation maxima of different storm durations (e.g., 1-hr, 149

day, 2-day). The stationary assumption implies that the parameters of the fitted distribution are
time-independent (Jacob, 2013). However, this assumption is challenged by the trends in
historical observations indicating changes in intensity and frequency of extreme precipitation
events in some parts of the world (e.g., Karl et al., 2009; Hao et al., 2013; Groisman et al., 2005,
2012; Kunkel et al., 2013; DeGaetano et al., 2009; Cheng et al., 2014). Furthermore, many
climate model simulations show an intensifying pattern in future precipitation projections in a
warming climate (IPCC, 2013; Ragno et al., 2018) due to elevated water holding capacity of the
atmosphere (Min et al., 2011; IPCC, 2013).
In this paper, the projected IDF curves (Figure 4.3b) are derived based on a flexible
approach outlined by Ragno et al. (2019) that includes both stationary and nonstationary
assumptions depending on the data. We use downscaled (LOCA) daily precipitation simulations
with a 1/16-degree spatial resolution from 4 CMIP5 (Coupled Model Intercomparison Project
Phase 5) Global Climate Models (GCMs) suggested by the California Fourth Climate Change
Assessment (Pierce et al., 2018): HadGEM2-ES (warm/dry), CNRM-CM5 (cool/wet), CanESM2
(middle), and MICROC5 (complement/cover range of outputs). Interested readers are referred to
Ragno et al (2019) for more details regarding the procedure used to obtain the projected IDF
curves.
Comparing the data shown in Figure 4.3a and Figure 4.3b reveals that there is a
considerable difference between the baseline (Figure 4.3a) and the projected (Figure 4.3b)
rainfall intensities for each rainfall duration and respective recurrence interval. The largest
relative changes between the baseline and projected rainfall intensities are observed for 7-day
events. For instance, the projected 7-day rainfall intensities for the 2-year and 50-year recurrence
intervals are approximately 44% and 45% greater than the baseline intensities, respectively. On
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the other hand, the projected 1-day rainfall intensities for the 2-year and 50-year recurrence
intervals are only 31% and 23% greater than the baseline intensities, respectively.

Figure 4.3

4.4

Precipitation IDF curves of Sherman Island levee site: a) Historical Baseline IDF
Curves, and b) Projected Future IDF Curves based on RCP 8.5.

Numerical Modeling
For numerical model purposes, a 3D fully coupled FE model of the Sherman Island levee

is built using the commercial software RS3 V2.0 (Rocscience Inc., 2019) to simulate the hydromechanical performance of the levee under different flooding scenarios conditions. Figure 4.4
depicts the geometry of the levee model used in simulations. Table 4.1 lists the properties of
different soil layers included in levee FE model. The geometry and soil parameters are obtained
from those reported by Hamedifar (2012) and Jafari et al. (2016), who used the same Sherman
Island levee model but for different modeling purposes than that in the current study.
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Figure 4.4

Geometry of the Sherman Island levee model used in simulations: a) 2D cross
section, and b) 3D finite element model.

The foundation soils are mainly consisting of a mixture of coarse-grained sediments,
including gravel and loose clean sands, and silty sands. The soil profile begins at the bottom with
a fine sand layer beneath 15 m (the NAVD88 vertical datum) (Hamedifar, 2012; Jafari et al.,
2016). Over the sand, there is a silty clay layer, which is also known as Bay Mud, deposited due
to the sea level that has risen after the last ice age (Jafari et al., 2016). The thickness of this clay
layer is 3.1 m and there is an organic soil layer over it that extends to the ground level. The main
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materials composing the Sherman Island levee embankment are dredged loose to medium sand
and silt. Due to the weight of embankment layers, the organic soil layer has undergone excessive
settlements, leading to a decrease in the horizontal hydraulic conductivity. The levee is built up
directly on the natural barriers of San Joaquin River, which are mostly a layer of clay and
colored clay (Jafari et al., 2016).
Table 4.1
Soil type

Soil properties of Sherman Island levee.
Bulk Unit

Cohesion

Friction

Hydraulic

Weight

c (kPa)

angle

Conductivity

 (deg.)

Kh (m/s)

γ (kN/m3)
Levee Fill
Organic
Soil
Under
Levee
Lanside
Organic
Soil
Silty Clay
Sand

Kh/Kv

Modulus of
Elasticity Eur (kPa)

17.7

9.6

0

1 × 10-3

4

7.6 × 104

11.6

9

0

3 × 10-5

10

2.1 × 105

10.5

3.2

0

3 × 10-4

3

2.6 × 104

16.7

4.5

0

1 × 10-6

10

5.0 × 106

19.5

0
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1 × 10-2

10

1.0 × 105

Regarding boundary conditions, the bottom boundary is fixed in all three directions,
whereas the other boundaries are fixed in the horizontal and vertical directions. In order to assign
the initial flow boundary conditions, the bottom, front, back, left and right boundaries are set as
impermeable boundaries. Ten-node tetrahedra elements are used to create the FE mesh (Figure
4.4b).
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The flow is simulated by specifying various flood water level boundary conditions to the
upstream and downstream sides of the levee. The simulation for each model consists of three
stages:
•

Stage 1: Steady-state seepage analysis using the normal water level (41 m) on the river
side to generate initial hydraulic conditions (at t = 0);

•

Stage 2: Transient seepage analysis for three scenarios:
a) Only fluvial-coastal flooding, by applying the flood hydrographs (most likely, Q
Dominated, and T Dominated) shown in Figure 4.2 on the river side
b) Fluvial-coastal plus historical pluvial flooding, by applying the fluvial-coastal
flood hydrographs shown in Figure 4.2 on the river side and imposing the
historical pluvial flooding determined from the IDF curves shown in Figure 4.3a
on the land side.
c) Fluvial-coastal plus future pluvial flooding, by applying the fluvial flood
hydrographs (most likely, Q Dominated, and T Dominated) shown in Figure 4.2
on the river side and imposing the future pluvial flooding determined from the
IDF curves shown in Figure 4.3b on the land side.

•

Stage 3: Obtain the factor of safety against slope instability determined using the
strength reduction method.
For scenarios (a) and (b), we use the same RI for the flood hydrographs obtained for

fluvial-coastal processes (Figure 4.2) and the rainfall-induced water height of pluvial flooding
calculated from the IDF curves (Figure 4.3). For each RI, coastal flooding scenarios consider the
joint probability between fluvial flooding (which occurs over a larger watershed) and coastal
processes, while the IDF curves represent pluvial dynamics that consider precipitation intensity
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at a local scale. These two can be considered and modeled independently and so statistically, it is
reasonable to use the same RI for both events while forcing at the boundaries.
The strength reduction method (Zienkiewicz et al., 1975) is widely used to evaluate the
stability of soil slopes using FE simulations. The method yields the critical strength reduction
factor (SRF), which is the ratio of the maximum reduced shear strength of the soil to the shear
stress resulting from the loads on the levee. In the current study, the critical SRF obtained from
the FE model is used to represent FOS of the levee. The FOS values are then used to develop
fragility curves for the levee for different flooding scenarios. Fragility curves have become
commonly used to evaluate the risk of various components. Generally, a fragility curve is a
statistical tool representing the relationship between Pf, or some other exceeding limit states of
interest, versus a measure of load intensity. In this study, fragility curve has employed to
establish a relationship between the levee’s Pf versus flooding water level for different water
level/recurrence interval.
The most common form of a fragility curve is the lognormal cumulative distribution
function (CDF). It is of the form (Kaynia, 2013):
𝐹𝑑 (𝑥) = 𝑃𝑓 {𝐷 ≥ 𝑑|𝑋 = 𝑥} 𝑑 ∈ {1,2, … … . . 𝑁𝐷 }

(4.1)

ln 𝑥⁄𝜃𝑑
𝐹𝑑 = 𝜑 (
)
𝛽𝑑

(4.2)

where: P represents the probability of failure; 𝐹𝑑 (𝑥) is the fragility curve for damage
state d evaluated at x.; D is the response threshold or uncertain damage state of a particular
component. D can take on a value in {0,1,... 𝑁𝐷 }, where D = 0 denotes the undamaged state, D
= 1 denotes the 1st damage state, etc.; d is the response of the ith random variable that can be
either a displacement quantity or a factor of safety or any other measure of safety for which
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adequate capacity exists.; 𝑁𝐷 is the number of possible damage states, 𝑁𝐷 {1, 2, …}; X is an
intensity measurement of loading conditions, which is precipitation in this study; X is a given
loading intensity value. 𝜑 is the standard normal cumulative distribution function; θd is the
median capacity of the asset to resist damage state d measured in the same units as X; and βd is
the standard deviation of the natural logarithm of the capacity of the asset to resist damage state
d.
4.5
4.5.1

Results and Discussion
Effect of Compound Coastal and Fluvial Processes
Figure 4.5 shows FOS against slope instability for a 7-day flood duration forced by the

fluvial-coastal flooding hydrographs (Q Dominated, T Dominated, and Most Likely) on the river
side (Figure 4.2). The flood water level and the duration play the main role in decreasing FOS
against slope instability. Higher water levels and longer exposure to flooding increase the porewater pressure within the levee embankment and foundation that result in lower factors of safety.
Among the three fluvial-coastal flooding hydrographs, the FOS values obtained from Q
Dominated and T Dominated practically fall within the same range and whereas the Most Likely
model leads to slightly higher FOS compared to the other two models. For example, FOS values
for 50-year RI at the seventh day are 2.62, 2.58, and 2.65 for Q Dominated, T Dominated, and
Most Likely, respectively. The small differences in the FOS values from the models can be
attributed to the small difference between the water levels obtained from these three scenarios (as
shown in Figure 4.2).
As the flood water level approaches the hydrograph peak on the 7th day, FOS decreases
considerably. For example, FOS drops from 3.2 in the first day to 2.5 in the seventh day (22%
relative reduction) for RI = 2 years, and from 2.65 in the first day to 1.85 in the seventh day
56

(30% relative reduction) for RI = 50 years. This is a very important consideration for risk
assessment of levees in tidal rivers. For example, under all three different scenarios, a 5-year
event that lasts for 7 days can be more destructive than 25-year events that last less than 4 days.
In Northern California, snowmelt driven floods are examples of gradually varying hydrographs
that last longer than flash-flood events. Therefore, considering the peak discharge only for design
purposes may leave levees vulnerable to floods with long-lasting peaks. Among all cases
examined in this section, the 7th day of 50-year Q Dominated scenario (Figure 4.5a) has the
lowest FOS (FOS = 1.75), because it has the highest water level.
Figure 4.6 shows Pf during a 7-day flood event under the effect of three fluvial-coastal
flooding scenarios (Q Dominated, T Dominated, and Most Likely) for five RIs. As expected, the
trends of Pf are inversely related to FOS trends. The Most Likely model yields slightly lower Pf
values compared to the two other scenarios. While the water level approaches the hydrograph
peak, Pf increases up to 0.78 corresponds to the 7th day in 50-year Q Dominated scenario.

Figure 4.5

Factor of safety against slope instability for a 7-day flood event comparing three
fluvial/coastal hydromechanics flood scenarios in five recurrence intervals: 2, 5,
10, 25, and 50 years.
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Figure 4.6

4.5.2

Probability of failure for a 7-day flood event comparing three fluvial/coastal
hydromechanics flood scenarios in five recurrence intervals: 2, 5, 10, 25, and 50
years.

Effect of Pluvial Flooding
Figure 4.7 shows FOS against slope instability for a 7-day flood under the effect of three

costal-fluvial flooding scenarios (Q Dominated, T Dominated, and Most Likely) combined with
the historical pluvial scenarios for five RIs. FOS against slope instability further decreases while
the flood water level is increasing due to additional pluvial water height applied on the river side.
Comparing the data shown in Figure 4.7 with those in Figure 4.5 shows that the addition of the
pluvial flooding has led to 2% to 18% reductions in FOS among all the cases that were
examined. The highest reductions in FOS occur for the longest exposure of the levee to flooding
(7 days) and RI = 50 years and are shown to be 15%, 18% and 13% for Q Dominated, T
Dominated, and Most Likely, respectively.
Figure 4.8 shows Pf versus the duration under the effect of three coastal-fluvial flooding
scenarios (Q Dominated, T Dominated, and Most Likely) combined with the historical pluvial
scenarios for five RIs. Inversely related to the trend seen in Figure 4.8, Pf increases when the
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impact of historical pluvial scenarios is added to the fluvial-coastal scenarios. A comparison
between the data in Figures 4.6 and 8 shows that Pf relatively increases between 2-9%.
Implementing the multi-hazard approach (i.e., combined effect of coastal, fluvial, and pluvial
water level) increases the water level behind a levee by 21%, which would considerably affect
the levee design and risk assessment. The highest relative increases in Pf are 8%, 9% and 7% for
Q Dominated, T Dominated, and Most Likely, respectively, at the 7th day of RI = 50 years.

Figure 4.7

Factor of safety against slope instability for a 7-day flood event comparing
historical pluvial and three fluvial/coastal hydromechanics flood scenarios with
different recurrence intervals.

Figure 4.8

Probability of failure for a 7-day flood event comparing historical pluvial and three
fluvial/coastal hydromechanics flood scenarios with five recurrence intervals.
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4.5.3

Effect of Climate Change
Figure 4.9 shows FOS against slope instability during a 7-day flood event under the

effect of future pluvial flood in three fluvial-coastal water level scenarios (Q Dominated, T
Dominated, and Most Likely) for five RIs. The stability of the simulated levee further decreases
as future pluvial flood is included. This is due to additional flood water level applied to the levee
by considering climate adjusted IDF curves for pluvial flooding. Comparing Figure 4.9 with
Figure 4.7 shows that FOS decreases up to 6% when the projected future IDF curves are used in
the simulation. A similar relative reduction in FOS is seen in the three fluvial-coastal water level
scenarios. The climate change effect on FOS is more pronounced for higher RI and longer
durations.
Figure 4.10 shows Pf versus the duration under the combined effect of the future pluvial
scenarios and three fluvial-coastal flooding scenarios (Q Dominated, T Dominated, and Most
Likely) for five RIs. The lower probabilities of failure under impact of climate change compared
to the historical scenarios highlights the higher risk of increasing flood water level in the future.
Employing the future pluvial scenarios results up to 5% increase in Pf compared to the past
pluvial scenario (Figure 4.10 versus Figure 4.8).
It is noted that the effect of fluvial flooding will become more pronounced when the
future fluvial patterns are used in the simulations. This can be seen by comparing the difference
between the results shown in Figure 4.9-Figure 4.5 versus the difference seen between Figure
4.7-Figure 4.5. As stated before, comparing the results in Figure 4.7 with those in Figure 4.5
shows 2% to 18% reductions in FOS whereas this range will shift to 4% to 21% when comparing
Figure 4.9 to Figure 4.5. In terms of Pf, the range of Pf increases changes from 2-9% (comparing
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Figures 4.8 and 6) to 4-14% (comparing Figures 4.10 and 4.6). This urges the need for a shift
from historical dataset to the projected future hazards in the infrastructure design.

Figure 4.9

Factor of safety against slope instability for a 7-days flood event comparing future
pluvial and three fluvial/coastal hydromechanics flood scenarios in five recurrence
intervals: 2, 5, 10, 25, and 50 years.

Figure 4.10

Probability of failure for a 7-days flood event comparing future pluvial and three
fluvial/coastal hydromechanics flood scenarios with five recurrence intervals: 2, 5,
10, 25, and 50 years.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
5.1

Summary and Conclusions
In Chapter 2, the performance of Elkhorn levee in Sacramento, CA was numerically

simulated using baseline (historical) and nonstationary projected (future) Intensity-DurationFrequency (IDF) of precipitations for the study area. Extreme precipitations are considered one
of the most common causes of failure in natural and engineered earthen structures. Increases in
intensity and frequency of extreme precipitations due to climate change can have adverse effects
on the resilience of critical infrastructures such as levees. A fully coupled 2D stress-variably
saturated flow finite element model was developed to simulate the levee behavior under extreme
precipitations combined with normal and flood water level conditions. The results were then
used to develop baseline and projected fragility curves to compare the probability of levee’s
failure under historical and future climates. The results showed that the Elkhorn levee considered
in this study will be in serious risk if it is impacted by a rain storm for more than three
consecutive days, especially if its intensity is more than 27 mm/day. In a changing climate,
extreme events have intensified increasing the probability of rainfall-triggered failures in levee
systems. This simulation results showed that the levee’s probability of failure can potentially
increase between 3% to 12% under projected extreme precipitations when compared to the
baseline scenario.
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In Chapter 3, a set of past and projected flood hydrographs associated with extreme
events were incorporated into a fully coupled hydro-mechanical finite-element model to
numerically evaluate the fragility of Elkhorn levee in Sacramento, California, against multiple
modes of failures including slope instability, piping at the toe, internal erosion, and overtopping.
The projected hydrographs were obtained using a non-stationary framework and climate model
simulations based on the Representative Concentration Pathway (RCP) 8.5. The results obtained
using the past hydrographs were compared against those attained from the future (projected)
hydrographs to quantify the impact of climate change on the integrity of the modeled levee. The
results showed that future flood events could have a significant effect on slope stability of the
levee, piping at the toe, and the levee system’s stability. For all cases, an increase in the water
level of all projected floods return periods had a significant impact on the overall stability
compared to the corresponding past flood events return periods. For the cases that were
examined, the results showed up to about 23% reduction in safety factor and 95% increase in the
probability of failure when considering the future versus past flood scenarios.
Chapter 4 aimed to evaluate the performance of the Sherman Island levee under impact of
various fluvial flood scenarios in addition to historical and future pluvial flood scenarios.
Estuarine levees face compound flooding induced by multiple drivers such as coastal water level,
river discharge, and extreme precipitation. To quantify this impact, a 3D fully coupled hydromechanical finite-element model of the Sharman Island levee was built and subjected to three
different hydrodynamic coastal-fluvial scenarios (most likely, Q Dominated, and T Dominated)
combined with historical and future pluvial flood scenarios. The projected pluvial flooding
scenarios are were from a non-stationary framework and climate model simulations based on the
Representative Concentration Pathway (RCP) 8.5. The FE model was used to calculate the factor
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of safety for the studied levee and then develop fragility curves for different flood scenarios.
The results showed that future pluvial scenarios could can have a significant effect on stability of
the levee. For the cases that were examined, the results showed up to about 21% reduction in the
factor of safety when considering compound flooding and 14% increase in the probability of
failure when accounting for climate change.
This research demonstrated how a multidisciplinary platform integrating geotechnical
engineering, risk analysis, hydrology and hydroclimatology can be developed and employed to
quantify the site-specific impacts of climate change on earthen levees. The findings highlighted
the need for accounting on the effect of climate change for analyzing levees and performing
levee risk assessments. The proposed framework in this study can be adopted for other
geotechnical structures to estimate the probability of failures under changes in climatic extreme
events.
5.2

Recommendations for Future Research
As mentioned before, a large percentage of levees are working under marginal

conditions. Continuous efforts are required to improve our understanding about the performance
of levees under current and future climate subjected various loading conditions. Based on the
findings of this study, some recommendations for future studies are listed below:
•

Studying the long-term resilience of levee systems by simulating a levee numerically under
flood water level fluctuations for various duration using historical data.

•

Investigating the required time for levee system’s recovery by evaluating the system under
loading/unloading conditions in order to determine the time that the levee system needs to
recover to the initial state after extreme events or storms.

•

Quantifying the robustness factor by comparing the system’s probability of failure for
loading/unloading conditions.
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•

Evaluating the performance or system’s resiliency under extreme flood water level subject
to climate change by breaking the historical water level data into periods that correspond
to the return periods of different fluvial scenarios.

•

Employing optimization techniques to enhance the design practice of earthen levees that
can efficiently and safely protect areas facing projected extreme events.
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APPENDIX A
GOVERNING EQUATIONS USED IN THE COUPLED MODEL
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The Appendix presents the governing equations used in RS2 and RS3 for fully coupled
simulations. In order to model the nonlinear behavior of the soil in RS3 and RS2, the coupled
pore pressure-stress interaction is implemented by using Biot Consolidation, the theory of
coupled fluid-liquid relationship. The main hypothesis of Boit theory is assume the soil structure
as permeable elastic solid, a recent increase in frequency and intensity of flood events growing
the threaten to the lands around estuaries. The coupling action of fluid-solid achieved by
considering compressibility and continuity conditions (e.g., Smith and Griffiths 1997). The biot’s
main governing equation is:
𝐾′
𝜕 2 𝑢𝑊
𝜕 2 𝑢𝑊
𝜕 2 𝑢𝑊
𝜕𝑢𝑊 𝜕𝑝
[𝑘𝑥
+ 𝑘𝑦
+ 𝑘𝑧
]=
−
2
2
2
𝛾𝑊
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑡
𝜕𝑡

(A.1)

where 𝐾′, 𝛾𝑊 , 𝑢𝑊 , and p are the soil bulk modulus, unite weight of water, pore water pressure,
and the mean total stress, respectively. considering the 2D equilibrium in the case of absence of
body forces, the gradients of fluid pressure in the Biot’s governing equation is increased the
gradients of corresponding effective stress as shown in the equations below:
𝜕𝜎′𝑥 𝜕𝜏𝑥𝑦 𝜕𝑢𝑊
+
+
=0
𝜕𝑥
𝜕𝑦
𝜕𝑦

(A.2)

𝜕𝜏𝑥𝑦 𝜕𝜎′𝑦 𝜕𝑢𝑊
+
+
=0
𝜕𝑥
𝜕𝑦
𝜕𝑦

(A.3)

Where the 𝜎′𝑥 and 𝜎′𝑦 are demarcate the effective stress (𝜎′𝑥 − 𝑢𝑊 )
The plane strain constitutive law is:
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1
𝜎′𝑥
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(A.4)

Also, the fluid in plane strain constitutive law is:
𝑞𝑥
1 𝑘𝑥
{𝑞 } =
[
𝑦
𝛾𝑊 0

𝜕𝑢𝑊⁄
0
𝜕𝑥
]{
}
𝑘𝑦 𝜕𝑢𝑊⁄
𝜕𝑦

(A.5)

where 𝑞𝑥 and 𝑞𝑦 are demarcates the volumetric discharge per unite area in and out of the element.
The equation of solid strain displacement is defined as following:
𝜕
𝜕𝑥

𝜀𝑥
{ 𝜀𝑦 } = 0
𝛾𝑥𝑦
𝜕
[𝜕𝑦

0
𝜕 𝑢
{ }
𝜕𝑦 𝜈
𝜕
𝜕𝑥]

(A.6)

where 𝑢 and 𝜈 are demarcates the compound of displacement in both x and y directions.
The last case is the relationship between full saturation and incompressibility, the reduction in the
volume of an element equal to the outflow from the same element. The following equation of the
equivalent volume:
𝜕𝑞𝑥 𝜕𝑞𝑦
𝑑 𝜕𝑢 𝜕𝜈
+
=− ( + )
𝜕𝑥
𝜕𝑦
𝑑𝑡 𝜕𝑥 𝜕𝑦

(A.7)

From equation (A.5), we have the following equation:
𝑘𝑥 𝜕 2 𝑢𝑊 𝑘𝑦 𝜕 2 𝑢𝑊 𝑑 𝜕𝑢 𝜕𝜈
+
+ ( + )=0
𝛾𝑊 𝜕𝑥 2
𝛾𝑊 𝜕𝑦 2
𝑑𝑡 𝜕𝑥 𝜕𝑦
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(A.8)

Usually, in the displacement method 𝜎, and ε are eliminated, so the only three variables will be in
the final coupled equation
u = 𝐍𝐔

(A.9)

𝜈 = 𝐍𝐕

(A.10)

u𝑊 = 𝐍𝐔𝐖

(A.11)

From equations (A.2), (A.3), and (A.3), the equilibrium and continuity equation can be written as
below:
𝐊𝐌𝐫 + 𝐂𝐔𝐖 = 𝐟

𝑪𝑻

𝐝𝐫
− 𝐊𝐏𝐔𝐖 = 𝟎
𝐝𝒕

(A.12)
(A.13)

Where, for an eight-noded element:

𝑢1
𝜈1
𝑢2
𝜈2
𝑢3
𝜈3
𝑢4
𝜈4
𝒓= 𝑢
5
𝜈5
𝑢6
𝜈6
𝑢7
𝜈7
𝑢8
{ 𝜈8 }
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(A.14)

u𝑊1
u
𝐮𝑾 = {u𝑊2 }
𝑊3
u𝑊4

(A.15)

Furthermore, KM is the elastic stiffness, KP is the fluid stiffness, f is the external loading vector,
and C is a rectangular coupling matrix that consists of the formula:
∬

𝜕𝑁𝑗
𝑁 𝑑𝑥𝑑𝑦
𝜕𝑥 𝑖

(A.16)

First equations (A.12) and (A.13) must be assembling into global matrix then should be integrated.
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